Objective: This study evaluated the utility of ocular motor measures in characterizing subtle cognitive changes after carbon monoxide (CO) poisoning.
C arbon monoxide (CO) is a colorless, odorless, and nonirritating gas produced primarily by incomplete combustion of any carbonaceous fossil fuel. CO intoxication is one of the most common types of poisoning world-wide, and although thought to be the cause of more than one-half of the fatal poisonings reported, the precise number of individuals who have suffered from CO intoxication is inestimable. 1 Exposure may be intentional or accidental, with estimates of the number of intentional CO-related deaths 5 to 10 times higher than accidental deaths. 2 CO exposure leads to diffuse hypoxic-ischemic encephalopathy and focal cortical injury that, during the acute stage of intoxication, is owing to transient vasogenic edema or frank necrosis, 3 predominantly involving gray matter. The most common site of involvement is the globus pallidus (GP), although other basal ganglia (BG) nuclei, the thalamus, brainstem, cerebellum, and cerebral cortex may also be involved. 4, 5 Accordingly, diffuse disturbances of brain function may persist in surviving patients, with deficits ranging from mild flu-like symptoms to vegetative state.
Of those patients with no apparent deficits immediately after CO exposure, 10% to 30% subsequently experience delayed onset of neurologic and psychiatric symptoms, [6] [7] [8] [9] including amnesia, cognitive dysfunction (attention and working memory deficits), emotional disorder (depression, mutism, and apathy), incontinence, and motor deficits (Parkinsonian-type deficits). 10, 11 Although historically attributed to necrosis of the GP, it has more recently been shown that the development of these delayed neurologic/neuropsychiatric symptoms parallels the development of delayed and slowly progressive cytotoxic edema in the cerebral white matter. 3, 5, 12, 13 It has been proposed that demyelination of the cerebral white matter may be responsible for these delayed symptoms, 12 with dysfunction reflecting interruption to projections from prefrontal cortex to the BG, 14 rather than damage to the GP itself. 15 However, prefrontal cortex and GP represent interdependent components of recurrent neural circuitry. Disruption at any level potentially compromises function, although behavioral anomalies may be clinically insignificant or extremely subtle, depending on the site of deficit. Here, we report evaluation of a patient after CO poisoning whose structural deficits were largely confined to the GP, with no overt clinical abnormality, although subtle behavioral changes were noted by himself and his family. A comprehensive ocular motor assessment provided measures of motor output, and higher order cognitive control processes governing movement, including working memory, response inhibition, and attention. Significantly, eye movement paradigms are increasingly used to probe the distributed cortical and subcortical systems involved in these cognitive control processes. [16] [17] [18] [19] To date, no study has specifically evaluated disruption to ocular motility after CO poisoning.
METHOD Patient
Our subject, a 44-year-old white man, suffered accidental CO poisoning approximately 3 years before presentation. Neurologic examination at the time of poisoning revealed no apparent motor dysfunction, although some speech deficit that improved and stabilized over time. At the time of presentation to a neurologist (OW), he reported difficulty with word finding with both short-term memory and long-term memory, some compulsive behaviors, and difficulty with behavioral control, specifically, overindulgence in alcohol. Nonetheless, he continued to function relatively normally, and was working full-time at the time of examination. The subject underwent formal neuropsychologic assessment and MRI at 2 months postpresentation (3 y postpoisoning). Neuropsychologic assessment revealed preserved intellect, but significantly slowed information processing speed and mild-to-moderate deficits of attention and executive skills. There was no evidence of a primary memory disorder, although memory performance was inefficient and unreliable secondary to attention and executive factors. Behaviorally, a tendency to impulsivity was noted, often offering a response before fully understanding what was required. Premorbid IQ was estimated at 104 for our subject (at least average intellect), using the national adult reading test. For control subjects the national adult reading test scores ranged between 103 and 120 (M = 113.50, SD = 5.00).
MRI scans were obtained with a GE Horizon 1.5-T MR scanner (General Electric, Milwaukee, WI, USA) using a transverse T2-weighted spin echo sequence [repetition time (TR), 2600 ms; echo time (TE), 30.3/ 80.7 ms; field of view (FOV), 220 mm; matrix, 320 Â 256], a transverse FLAIR sequence (TR, 8802 ms; TE, 122.6 ms; FOV, 220 mm; matrix, 288 Â 192), and a transverse diffusion weighted sequence (TR, 10,000 ms; TE, 88.9 ms; FOV, 220 mm; matrix, 160 Â 160). For each sequence, a slice thickness of 5 mm and an intersection gap of 1.5 mm were applied. Results confirmed the presence of old infarcts typical of the effects of CO poisoning, specifically in the GP bilaterally ( Fig. 1 ). A number of small foci of T2 hyperintensities were seen scattered throughout the cerebral white matter. These were nonspecific in nature, and considered consistent with small vessel ischemic white matter changes either incidental or related to the subject's earlier hypoxic event. No cortical or brain stem lesions were seen, and the ventricular size was normal.
At 4 months postpresentation, the subject was tested using a range of experimental ocular motor paradigms. His performance was compared with that of neurologically healthy control subjects (2 male and 10 female) aged between 41 and 62 years (M = 48.25 y, SD = 6.76 y). All had participated in an identical battery of ocular motor tasks for an earlier study conducted by this laboratory. No control subject reported a history of head injury, central neurologic disorder, psychiatric illness, or regular intake of psychoactive drugs.
Equipment
Horizontal displacement of the right eye was recorded using an IRIS infrared eye tracker (Skalar Medical, BV, Delft, The Netherlands), 20 with output sampled at 1 kHz, and recorded for offline analysis used a customized program written in Matlab. Screen-based stimuli were generated using E-Prime software and displayed on a 21-inch monitor. The subject was seated in a darkened room, 840 mm directly in front of the monitor, with the head stabilized using a bite bar. Output from the eye tracker was displayed alongside a control signal generated by E-Prime that indicated stimulus change, although a photodiode was placed directly over a nonvisible portion of the screen to concurrently record stimulus change in real time. Target crosses presented throughout these paradigms measure 30 Â 30 mm.
Visually Guided Saccades
Stimuli comprised green target crosses presented in one of 5 possible locations: at center and 5 degrees and 10 degrees left and right of center. Participants were instructed to direct gaze at the center of the target cross, and shift gaze as quickly as possible to the target as it stepped horizontally. The target shifted pseudorandomly every 1200 to 2000 milliseconds, eliciting 16 saccades for each amplitude shift of 5, 10, 15, and 20 degrees. Antisaccades A central fixation cross was extinguished coincident with the appearance of a peripheral target cross (10 degrees left or right of center). Participants were first instructed to fixate the central target. Once the target shifted (after a 1250 or 1600 ms fixation period), participants were instructed not to look directly at the peripheral target, but instead shift gaze in the opposite direction as quickly and accurately as possible, ending an equal distance from the central fixation point. The peripheral target was extinguished after 1500 milliseconds. The task included 48 trials (24 left, 24 right, balanced for 5 degree-steps and 10-degree steps). Demonstration of the procedure and practice trials familiarized the participant before testing.
Memory-guided Saccades
Stimuli comprised green, red, or white target crosses, and a white centrally positioned refixation stimulus. Participants were asked to fixate a green cross at the center of the screen for 1500 milliseconds. A red cross was then presented concomitant with the green central cross at either 5 degree or 10 degree left or right of center for 500 milliseconds. Participants were asked not to look directly at the red cross, but to remember its spatial position. After extinction of the red cross, the green fixation cross was present for a further 1500 milliseconds or 2500 milliseconds. Participants were instructed to then direct gaze to the spatial position of the earlier illuminated red cross. A green cross was subsequently presented in the same location as the red cross for 1750 milliseconds before allowing participants to adjust their final eye positions, before appearing at the center to signify the onset of the next trial. The task included 48 trials (24 left and 24 right, balanced for 5-degree steps and 10-degree steps). Four practice trials familiarized the participants with the task before recording.
Endogenously Cued Saccades
Stimuli comprised a white centrally positioned fixation cross on a black background, flanked by 2 white boxes (53 Â 53 mm), positioned such that their centers were 10 degrees to either side of fixation with respect to the participant's dominant eye. Participants were instructed to direct gaze at the center of a green fixation cross (850 ms). Immediately before the appearance of a peripheral target, a visual cue in the form of a horizontally directed arrow seemed centrally for 500 milliseconds. Participants were instructed to shift gaze as quickly as possible to a green target cross when it appeared in one of the peripheral boxes (1500 ms), (see Fig. 2 ). Trial type was determined by the type of cue preceding target onset: 1. Valid trial-directional arrow at fixation indicated side of target presentation 2. Invalid trial-directional indicator was misleading.
Valid trials comprised 80% of all trials, and invalid trials 20% of all trials, ensuring that cue type was largely predictive of subsequent target location. Forty-eight trials were presented randomly.
Self-paced Saccades
Stimuli comprised 2 target crosses positioned at 5 degrees left and right of center, which were illuminated for a period of 90 seconds. Participants were instructed to shift gaze backward and forward between these targets for as long as they were visible, at approximately 1-second intervals.
Statistical Analyses
Key measures derived from the above paradigms were: 1. Proportion of errors (%); for antisaccades, trials with incorrect prosaccades/all trials without artifacts (eg, blinks, unstable fixation before target presentation); for cued saccades, trials with incorrect saccades as directed by central arrow (<100 ms from target onset)/ all trials without artifacts; for memory-guided saccades, trials with incorrect saccades made before extinction of fixation stimulus/all trials without artifacts.
Latency (ms)-calculated as the temporal difference
between stimulus onset and saccade onset, with stimulus onset calculated using a real time trace of onscreen presentation (diode), and saccade onset calculated using a velocity criterion of 30 degrees per second. 
RESULTS
Means and standard deviations for all measures are presented in Table 1 . The patient's scores were evaluated in terms of number of SDs from mean values obtained from neurologically healthy participants examined in this study. Only those values considered abnormal will be reported below (ie, differences greater than 2 SDs from normative values), although other, less aberrant values will also be reported where appropriate. Gain of FEP and mean absolute position error were comparable to neurologically healthy control subjects across all experimental paradigms.
Visually Guided Saccades
The patient's visually guided saccades (combined centripetal and centrifugal movements) were characterized by decreased primary saccade gain, frequently requiring additional small amplitude saccades to redirect the eye to the new target location.
Antisaccades
The patient's antisaccades (AS) were characterized by an increased proportion of erroneous responses to peripheral stimuli, increased saccadic latencies, and decreased primary saccade gain. Peak velocity was correspondingly lower (Table 1) .
Memory-guided Saccades
The patient's memory-guided (MG) saccades were characterized by an increased proportion of anticipatory errors, moderately increased saccadic latencies, decreased primary saccade gain, and moderately decreased peak velocity.
Endogenously Cued Saccades
The patient's cued saccades were characterized by an increased proportion of anticipatory errors. For validly cued saccades, we found decreased saccadic latencies and moderately decreased primary saccade gain and peak velocity. These parameters were mildly decreased (<1.5SDs) for invalidly cued saccades; however, for the patient, latencies for invalidly cued saccades were considerably longer than validly cued saccades, compared with healthy participants (difference of 34.7 ms vs. 18.1 ms for healthy controls).
Self-paced Saccades
The patient's self-paced saccades were characterized by shorter intersaccadic intervals (0.86 ms vs. 1.12 ms for healthy participants). The amplitude of the initial saccade was at the lower limit of the normal range.
DISCUSSION
This study evaluated the long-term changes to saccade characteristics in an individual 3 years post-CO poisoning. Compared with a group of neurologically healthy individuals, his performance was characterized by a significantly greater number of erroneous responses to both nontarget stimuli and endogenously cued regions of space. Alteration to latency characteristics was also found for all higher-order saccades (AS, MG saccades, and endogenously cued saccades), a reduction in saccadic amplitude, and subsequent gaze fragmentation were revealed for all saccade types except self-paced saccades.
The programming and execution of saccadic eye movement involve the relay of information across long-distance connections between a host of frontal and parietal regions that project to ocular motor brainstem nuclei either directly, through the superior colliculus (SC), or indirectly through the BG. Collectively, these projections shape an independent motor plan that specifies where and when a saccade will occur. [21] [22] [23] Given the widely distributed network of structures comprising the ocular motor system, and the interdependence of its primary components, it is perhaps not surprising that saccadic abnormalities found here are characteristic of, but not specific to, a number of neurologic disorders. Impaired performance on the AS task, for example, has been found in patients diagnosed with multiple sclerosis, 24 Alzheimer disease, 25 schizophrenia, 26 progressive supranuclear palsy, 27 and Friedreich ataxia, 28 each of which affects the nervous system in a diffuse way. However, while long-term alcohol abuse, unconfirmed in our subject, may account for the increased saccadic latencies, 29,30 the profile of deficits described above seems relatively consistent with disruption along or projections incorporating frontostriatal circuitry, either a function of cortical white matter injury reported in our subject, or damage directly within the BG, specifically necrosis of the GP. Within the frontal cortex the frontal eye fields are involved in the execution of all saccades, providing a general salience map for guiding attention, 31 and the dorsolateral prefrontal cortex plays an important decision-making role, implicated in short-term working memory and the suppression of unwanted or reflexive saccades. Both regions are crucially involved in the resolution of response conflict between voluntary and automatic behaviors (such as AS, MG saccades, and endogenously cued saccades), projecting saccade-related information to brainstem nuclei and the SC. [32] [33] [34] [35] [36] [37] [38] Significantly, the BG output structure substantia nigra pars reticulata (SNr), provides powerful sustained GABAergic inhibition of SC neurons.
Both internal and external segments of the GP are crucial components of the complex network of nuclei comprising the BG. The GPi is 1 of 2 BG output nuclei, and the GPe an important loop relay structure, reciprocally connected to both the subthalamic nucleus and the striatum (BG input nuclei). 39 The GPe projects directly and indirectly to the SNr, and thence to the SC, modulating the activity of omnipause and burst neurons in the brainstem, the determinants of saccadic activity. In our subject, the burden of disease seems to lie within the GP, and although simplistic, attenuation of inhibitory output by the GPe, a function of neuronal loss, might conceivably amplify SNr tonic inhibitory output. Thus, the SC would receive an abnormally weak drive signal. Down the line, this would result in reduced burst activity, and subsequently reduced saccadic velocities, and fragmentation of gaze shifts. Further, the disinhibition of burst cells by inadequately activated ON would permit responses to irrelevant locations and stimuli.
This seems similar to the consequence of depletion of striatal dopamine, as occurs in Parkinson disease (PD), a prototypical BG disorder. Certainly, gaze fragmentation is a hallmark characteristic of PD, [40] [41] [42] [43] [44] [45] unlike other disorders with more diffuse cortical and subcortical damage, such as multiple sclerosis. In PD, fragmentation is thought to reflect overinhibition of the preocular motor drive, as is an increase in the proportion of errors for AS, 41, 44, 46, 47 MG saccades, 41, 46, 48, 49 and cued saccades. 50, 51 Notably, self-paced saccades were relatively unaffected in our subject, also the case in PD. 52 Although Parkinsonian-type deficits are commonly reported after CO poisoning, 10, 11 this is not intended as the definitive explanation for all of our subject's symptoms, Certainly, no other PD-like motor deficits were reported in our subject. However, unlike other behaviors modulated through the BG, the GPi does not seem to contribute significantly to the control of eye movements, 53 projecting predominantly to thalamic nuclei. Alteration to SNr output that projects to the thalamus and the SC may compensate to some degree for GPi failure in which both internal and external segments of the GP are compromised. Thus motor control, more generally, may be relatively unimpaired.
Although the exact manner in which the BG influences behavior is unclear, they seem to work in concert with cortex to select, orchestrate, and execute planned, motivated behaviors. This involves not only the generation of movement, but integration of the processes that drive actions, such as emotions, motivation, and cognition. Certainly, the array of cognitive and motor deficits evident in the ocular motor and neuropsychologic assessments described above, are consistent with disruption to circuitry and within the BG.
Impairments to attention, working memory, and inhibitory processes are potentially debilitating, impacting all aspects of everyday behavior. That our patient was aware of, and sought advice for, subtle behavioral changes reflects the significance of these deficits. It may be that if these more subtle changes are overlooked, and the perception of normality generalized to daily life, the opportunities for adopting rehabilitation strategies to overcome these deficits might be missed.
